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COLOR FILTER ARRAY AND MICROLENS ARRAY HAVING HOLOGRAPHIC 

OPTICAL ELEMENTS 

Background 

[0001] This application relates to holographic optical 
elements, and more particularly, to color filter arrays and 
microlens arrays formed from holographic optical elements for 
use in radiation sensor arrays. 

[0002] Semiconductor radiation sensors can be fabricated on a 
common semiconductor substrate to form a sensing array. Each 
radiation sensor is responsive to radiation to produce an output 
that is a measurement of the amount of received radiation. An 
input optical device, such as a lens array or an optical filter 
array, 'may be placed in the input optical path of the input 
radiation to control or manipulate the input radiation in order 
for the input radiation to be properly received by the sensor 
pixels of the sensing array. 

Summary 

[0003] This application includes designs and techniques for 
using holographic optical elements to form an optical mask layer 
for modifying input radiation to a sensor array. Each 
holographic optical element is spatially associated with a 
sensor pixel of the sensor array and may be formed on top of a 
sensor or buried in the pixel layers of each sensor. The 
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holographic optical elements may be optically reflective, 
absorptive, refractive, or diffractive in nature when 
interacting with input radiation. 

[0004] In one implementation, holographic optical elements of 
the optical mask layer are designed as micro lenses to 
respectively focus input radiation into their respective 
sensors. In another implementation, holographic optical 
elements of the optical mask layer are designed as a color 
filter array where each holographic optical element filters 
different spectral bands of received radiation for a color 
sensing array. For example, each holographic optical element 
may be.,an optical grating that separates input radiation into 
different beams at different wavelengths to different 
directions. The grating patterns are designed to direct the 
beams at different wavelengths to different adjacent sensors to 
produce color images. 
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Brief Description of the Drawings 
[0005] FIGS. 1, 2, and 3 show exemplary image devices with 
integrated holographic optical elements for beam focusing to* 
increase collection efficiency and to reduce spatial cross talk 
between adjacent sensor pixels. 

[0006] FIGS. 4, 5, 6, and 7 show exemplary color image 
devices with integrated holographic optical elements for color 
filtering. 

[0007] FIG. 8 shows one embodiment of a color image device 
with one integrated holographic optical element layer for beam 
focusing 'and another separate integrated holographic optical 
element layer for color filtering. 
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Detailed Description 
[0008] Semiconductor image sensor arrays may be designed to 
provide high-spatial-resolution sensing capability by 
implementing small sensing pixels. Each fundamental sensor 
pixel includes a photosensitive element that absorbs input 
radiatiori to produce electric charges representative of the 
amount of received radiation. The radiation- induced charges are 
then read out in form of an electric current or voltage to 
produce a pixel output. Various types of photosensitive 
elements may be used, including but not limited to, CCD sensors, 
photodiode sensors, and photogate sensors. 

[0009] ^ In one implementation, active pixel sensor pixels may 
be N used to form active image sensing arrays by converting input 
radiation energy into electrical signals. Each active pixel 
sensor pixel generally includes a photoreceptor and a pixel 
circuit with several associated transistors that provide in- 
pixel signal processing functions such as signal conversion from 
electric charges into a current or voltage, signal reset, or 
signal amplification. See, e.g., U.S. Patent No. 5,471,515 to 
Fossum et al. 

[0010] Image sensor arrays may be designed to produce 
^monochromatic images or color images. In a monochromatic 
images, each senbr pixel may be used to produce an image pixel 
in the output image. Hence, the number of image pixels in the 
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output image is up to the number of senpr pixels in the array. 
A color image sensor array, however, uses two or more different 
adjacent pixels as a single "color pixel" where different pixels 
in the color pixel respectively sense light of different colors 
in the input radiation to produce a colored image pixel in the 
output image. For example, a color pixel may include three 
adjacent sensor pixels corresponding to the three primary colors 
of red, green, and blue. For another example, a color pixel may 
include two green pixels, one red pixel, and one blue pixel in a 
Bayer pattern. 

[0011] * This application teaches optical mask layers based on 
an array of holographic optical elements. (HOEs) to process the 
input radiation for detection by an image sensing array. Two 
basic optical mask layers may be formed from a HOE array. One 
is a optical mask layer with a HOE array designed to allow each 
HOE to operate as a microlens for focusing a spatial part of the 
input radiation on to a photoreceptor in a sensor pixel 
corresponding to the HOE. Another is a color filter array where 
each HOE is designed to filter different spectral bands of 
received radiation for a color sensing array. In addition, a 
HOE optical mask layer may be designed and fabricated to combine 
both the optical focusing and color filtering operations into 
each HOE. 
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[0012] A holographic optical element may be optically 
reflective, absorptive, refractive, or diffractive in nature 
when interacting with input radiation. Notably, a holographic 
optical element may be fabricated in planar layer designs with 
surface features by using surface patterning techniques 
including those widely used in semiconductor fabrication. In 
contrast to the conventional optical fabrication, complex 
fabrication of curved optical surfaces is eliminated in 
holographic optical elements. In particular, this application 
teaches that HOEs can be integrated with other layers fabricated 
over a siibstrate for forming the sensor pixels. Hence, the 
fabrication of the HOEs and fabrication of the sensor pixels of 
the image sensing array may be integrated into fabrication steps 
in a single fabrication process. 

[0013] Holographic optical elements are formed of holograms 
which may be simplified as optical grating patterns. In 
operation, the grating patterns break up a received input wave 
into multiple waves and combine the multiple waves into new 
waves with desired optical properties. Depending on specific 
requirements of applications, the grating patterns may be 
designed to carry out functions of many conventional optical 
devices such as optical diffractive gratings, optical lenses, 
and optical filters, and other functions that may be difficult 
or impractical to achieve with conventional optical devices. 
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Such grating patterns in HOEs may be fabricated in a wide range 
of materials, including metals such as aluminum, dielectric 
materials such as crystals (e.g. silicon) and non-crystal 
materials (e.g., glasses, silica, plastics). 

[0014] One advantageous feature of HOEs for an optical mask 
layer for an image sensing array is that each HOE may include 
different sets of holograms for simultaneously performing 
different optical functions. For example, the a hologram for a 
lens function and a hologram for a color filter function may be 
included in a single HOE to operate independently form each 
other without interference between the two different optical 
functigns. In comparison, conventional optical designs 
generally require a lens array and a separate filter array 
stacked over each other on top of the sensing array. 
[0015] The following describes exemplary embodiments 
semiconductor imaging devices integrated with HOEs with 
reference to FIGS. 1 through 8. FIGS. 1 through 3 illustrate 
embodiments of HOE lens arrays integrated to sensing arrays. 
FIGS. 4 through 7 illustrate embodiments of HOE color filter 
arrays integrated to sensing arrays. FIG. 8 shows two separate 
HOE mask layers with one for coloring filtering and one for beam 
focusing in a sensing array. 

[0016] FIG. 1 shows a first embodiment of a semiconductor 
image device 100 having an HOE optical mask layer 120 as a lens 
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array. The device 100 is formed over a substrate 101 formed of 
a suitable semiconductor material (such as Si) . The active area 
of the substrate 101 has pixels 102 arranged in a 1 -dimensional 
or 2 -dimensional array. Each pixel 102 has a photoreceptor area 
104 which is photosensitive and absorbs input radiation. Each 
pixel 102 also includes pixel layers 110 which are fabricated 
through semiconductor fabrication to form in-pixel circuit 
elements such as electrodes for the photoreceptor. For active 
pixel sensors, the in-pixel circuit elements include transistors 
for the signal conversion or amplification. The HOE optical 
mask layer 120 is formed over the top surface of the pixel 
layers .,110 and is spatially patterned into HOE lens pixels 122 
that respectively cover the underlying sensor pixels. The 
hologram in each HOE lens pixel 122 is designed to operate as a 
lens to focus the received beam to the photoreceptor area 104 of 
each pixel area 102 in the substrate 101. The hologram in each 
HOE lens pixel 122 is spatially continuous from one edge of the 
HOE to the other edge so that the fill factor of the HOE lens 
array is essentially 100%. 

[0017] The holograms in the HOEs 122 separately focus the 
input radiation 130 into multiple beams 132 respectively 
directed to the photoreceptor areas 104 in different pixels. 
The location of the each photoreceptor area 104 may be either 
located in the center of the each pixel area 102 or off the 
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center of each sensor pixel. In the latter case, the hologram 
in each HOE lens element 122 may be designed to focus the beam 

- - * 

132 at the off-center location to maximum the collection 
efficiency. 

[0018] FIG. 2 shows another image device 200 where a HOE lens 
mask layer 210 is formed in the middle of the pixel layers 
between a first set of contiguous pixel layers 110A directly 
formed over the substrate 101 and a second set of contiguous 
pixel layers HOB. In comparison with the image device 100 in 
FIG. 1, the HOE layer 210 with HOE pixels 212 is "buried" in the 
pixels layers. Such buried HOE design can be used to provide 
design.,f lexibility . 

[0019] FIG. 3 shows an imaging device 300 that uses two or 
more separate and spaced HOE lens layers to achieve desired 
optical focusing and imaging performance. In the illustrated 
example, three buried HOE lens layers 310, 320, 330 are formed 
amongst the pixel layers 301, 302, 303, 304. The beam size of 
received radiation in each pixel successively decreases by 
passing through the HOE layers. 

[0020] FIG. 4 shows a first embodiment of a color image 
device 400. A HOE color filter array (CFA) 410 is formed on top 
of the pixel layers 110. Different adjacent HOEs 411, 412, 413, 
etc. have different holograms to selectively transmit light of 
different spectral bands, 421, 422, 423, etc., respectively, 
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from an input radiation scene 420. Accordingly, the 
corresponding pixels 102 receive and detect different colors in 
the input scene 410. FIG. 5 shows another color image device 
500 in which a HOE color filter array 510 is directly formed on 
top of the substrate 101 and underneath the pixel layers 110. 
Similar to FIG. 4, different adjacent HOEs 511, 512, 513, etc. 
have different holograms to transmit light of different spectral 
bands without significantly changing the direction of each beam. 
The HOE layer 410 or 510 may be formed of a dielectric stack to 
provide spatial variations along the growth direction of the 
layers over the substrate 101. 

[0021]., FIG. 6 shows a third embodiment of a color image 
device 600. An optically dif tractive or refractive HOE mask 
layer 610 is formed on top of the pixel layers 110 and is thus 
spaced from the substrate 101. Like the HOE pixels in the HOE 
layers 410 and 510, HOEs 611, 612, 613, etc. in the HOE layer 
610 are spatially scaled to cover only the respective sensor 
pixels. However, different from the HOE pixels in the HOE 
layers 410 and 510, HOEs 611, 612, 613, etc. in the HOE layer 
610 diffract or refract light of different spectral bands into 
different directions to different sensor pixels. For example, 
the hologram in the HOE pixel 611 diffracts or refracts received 
radiation 620 into a first colored beam 611A in a first spectral 
band (e.g., blue) to the underlying photoreceptor area 104B of 
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the pixel 102B and a second colored beam 611B in a second 
different spectral band (e.g., red) to the underlying 
photoreceptor area 104 in an adjacent sensor pixel 102R. The 
hologram in the adjacent HOE pixel 612, in contrast, diffracts 
or refracts received radiation 620 into a first colored beam 
612A in the second spectral band (e.g., red) to the underlying 
photoreceptor area 104R of the pixel 102R and a second colored 
beam 612B in the first spectral band (e.g., blue) to another 
adjacent blue sensor pixel 102B. The hologram in each HOE may 
also diffract or refract the red beam to yet another adjacent 
sensor pixel for detecting the red color. 

[0022]., In another embodiment 700 shown in FIG. 7, a HOE color 
filter array 710 on top of the pixel layers 110 may have each 
HOE pixel 711, 712 to spatially cover two or more sensor pixels. 
For example, the HOE pixel 711 covers three sensor pixels 721, 
722, and 723 for red, blue, and green colors, respectively. The 
holograms in the HOE 711 diffracts or refracts input radiation 
into three separate beams in red, blue, and green separately to 
three separate sensor pixels, 721, 722, and 723, respectively. 
The hologram for diffracting and refracting red light in the HOE 
pixel 711 may vary spatially so that the red light received at 
the location above the sensor pixel 721 is directed into the 
sensor pixel 721 but red light received at locations above the 
sensor pixels 722 and 723 is also directed into the senor pixel 
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721. The holograms in the HOE pixel 711 for the blue and green 
colors may also vary spatially in a similar manner to direct 
blue light into the pixel 722 and green light into the pixel* 
723. 

[0023] It is contemplated that each HOE pixel may include 
holograms respectively for light focusing and color filtering. 
For example, the image devices 100, 300, and 400 in FIGS. 1, 3, 
and 4, respectively, may use HOE layers with both types of 
holograms to simultaneously focus radiation into different 
pixels and filter colors of the input radiation. In FIG. 1, 
each HOE "pixel 122 may be fabricated to include another color 
filtering hologram as in the HOE pixel 421, 422, or 423 to also 
filter the selected color. 

[0024] Alternatively, two separate HOE layers, one for color 
filtering and another for beam focusing, may be formed in a 
single image device. FIG. 8 shows an example wherein the HOE 
lens layer 120 in FIG. 1 is formed on top of the pixel layers 
110 in the device 500 in FIG. 5 where the HOE color filter array 
layer 510 is formed between the pixel layers 110 and the 
substrate 101. 

[0025] Diffractive HOE pixels can be designed to be 
relatively insensitive to variations in the input angles of the 
input beams so that a diffracted output beam can maintain its 
diffraction angle when the input angle varies. Thus, HOE color 
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filtering layer or beam focusing layer may be formed of 
diffractive holograms for applications where the input beams 
tend to have different or varying input angles. 

[0026] Only a few embodiments are disclosed. However, it is 
understood that variations and enhancements may be made without 
departing from the spirit of and are intended to be encompassed 
by the following claims. 



